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doi:10.1016/j.ejvs.2009.06.018Abstract Objective: An overview of the knowledge of thoracic (TAA), and abdominal aortic
aneurysm (AAA) dynamics, before and after endovascular repair, is given.
Methods: Medline, EMBASE and the Cochrane database were searched for relevant articles.
After inclusion and exclusion, 25 relevant articles reporting on aneurysm dynamics remained,
allowing for comparison. Results provided in the included studies were assumed (statistically)
significant if they were larger than the repeatability of the used method.
Results: The sample size of dynamic studies is limited and translational studies are missing.
Magnetic resonance angiography (MRA) and computed tomographic angiography (CTA) were
shown to have lower inter-observer variabilities than ultrasonography (US). The distension of
several relevant stent-graft-landing zones during the cardiac cycle in both the abdominal
and thoracic aorta are significant (mean diameter change of the AAA neck in the included
studies ranged from 0.9 mm to 2.4 mm; mean area change of the thoracic aorta ranged from
4.8% to 12.7% at various levels). This distension remained preserved after stent-graft place-
ment. Preoperatively, the renal arteries displace per heartbeat. Significant movement of the
aorta in the anteroposterior (AP) and lateral direction, during the cardiac cycle, was observed.
Conclusion: The aorta exhibits a wide variety of morphologic changes throughout the cardiac
cycle. CTA and MRA are reliable modalities to investigate aortic shape changes during the
cardiac cycle. Significant changes per heartbeat are reported in the AAA neck and thoracic
aorta. The renal artery displaces per heartbeat. The clinical relevance of dynamic imaging
has not been proven yet, but dynamic changes of the aorta have to be taken into account in
stent-graft selection and future stent-graft design.
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Dynamics of the Aorta Before and After Endovascular Aneurysm Repair 587Since being first described in 1991, endovascular aneurysm Search strategy
repair (EVAR) has become the preferred treatment for
abdominal aortic aneurysms (AAAs) in properly selected
patients.1 The thoracic counterpart of the AAA, the
thoracic aortic aneurysm (TAA), was treated endovascu-
larly (TEVAR) for the first time in 1994 by Dake et al.2
Although the reported complication rates of TEVAR are
higher than those of EVAR, TEVAR has favourable results
when compared to open thoracic aneurysm repair.3
Currently, the primary challenge in aortic stent-grafting is
to improve stent-graft durability, as there is a risk of late
EVAR failure e aneurysm rupture or conversion e of 2e3%
per year.4,5
When selecting patients for EVAR and TEVAR, careful
preoperative assessment of aortic morphology is manda-
tory. The proximal and distal landing zones are especially
relevant to achieve a durable result.5e7 In most clinical
practices, the modality of choice for preoperative eval-
uation is computed tomographic angiography (CTA),
although magnetic resonance angiography (MRA) can also
be used.8 In general, the CTA protocols used acquire
static images of the aorta, which, with the current high-
speed CT acquisition times, could be at any random
moment during the cardiac cycle. However, dynamic
ECG-triggered CTA, ECG-gated MRI, ultrasonography (US)
and intravascular ultrasound (IVUS) studies have reported
that the aorta changes significantly during the cardiac
cycle.9e17
The use of static images to visualise a dynamic aortic
environment could lead to preoperative over- or undersiz-
ing of a stent graft. This could possibly be an explanation
for the fact that postoperative stent-graft-related compli-
cations (e.g., type I endoleaks and migration) are still being
observed.11 Therefore, the use of dynamic imaging could
lead to better stent-graft sizing and subsequently, an
improved outcome. In addition, dynamic imaging is slowly
providing insight into the causative mechanisms of stent-
graft-related complications. More knowledge in this field
could improve future stent-graft results and durability. The
use of dynamic imaging also yields valuable information for
improvement of stent-graft design. Besides prevention of
complications, another application of dynamic imaging
could be to provide insight into whether an aneurysm is
excluded successfully.16,18,19
We hypothesise that the cardiac-dependent aortic
distension is significant at several for (T)EVAR-relevant
levels, which may possibly have clinical consequences.
The purpose of this study is to show the current state, use
and possible consequences of dynamic imaging of the
aneurysmal aorta. By means of a systematic review, an
overview of the knowledge of thoracic and abdominal
aortic dynamics in patients with aortic aneurysmal
disease, both before and after endovascular repair, is
given.
Methods
The search strategy and data collection in this study are
based on the search strategy and data collection guidelines
of the Meta-analysis Of Observational Studies in Epidemi-
ology (MOOSE).20Medline, EMBASE and the Cochrane databases were
searched on 25 September 2008. No publication date or
language restrictions were applied. The following search
query was used in Medline: ‘‘(((Abdominal [TIAB] OR Thora*
[TIAB] OR thoracoabdominal [TIAB] OR Aortic [TIAB]) AND
(aneurysm* [TIAB] OR endograft* [TIAB] OR endoprosthe*
[TIAB])) OR AAA [TIAB] OR TAA [TIAB]) AND (dynamic* [TIAB]
OR ((ECG [TIAB] OR EKG [TIAB] OR electrocardiogram
[TIAB]) AND (triggered [TIAB] OR Gated [TIAB])) OR ecg-
triggered [TIAB] OR ekg-triggered [TIAB] OR ecg-gated
[TIAB] OR ekg-gated [TIAB] OR Cine* [TIAB] OR motion OR
movement [TIAB] OR distensibility [TIAB] OR distention
[TIAB] OR pulsatility [TIAB] OR pulsation [TIAB])’’. ‘‘[TIAB]’’
is the abbreviation used for Title/ Abstract in Medline, and
demands the presence of the preceding text in either the
title or the abstract of the article. This search in Medline
generated 751 articles. The same search strategy was used
in EMBASE (only ‘‘[TIAB]’’ had to be exchanged for ‘‘:ti,
ab‘‘), rendering 672 articles.
Medline and EMBASE search strategy yielded a total of
1423 possibly relevant articles. The Cochrane library was
manually searched, yielding no relevant articles. Duplicates
were removed manually, and 879 potentially relevant
articles remained (Fig. 1 ). We did not systematically search
for unpublished data or abstracts.
Data collection
Titles and abstracts of 879 articles were independently read
and examined by two observers. Inclusion criteria were: (1)
examination of aortic or aortic side branch dynamics before
or after endovascular aortic aneurysm repair or (2) exami-
nation of aortic dynamics in patients with aortic aneu-
rysmal disease. Thirty-two full-text versions of studies that
matched the inclusion criteria were obtained.
All full-text articles were examined by two observers.
Studies were excluded if they met one of the exclusion
criteria. The exclusion criteria were (1) non-systematic
reviews, (2) non-human studies and (3) dynamic imaging for
visualisation and detection of pathology other than aneu-
rysmal disease (e.g., dissection and endoleak). Disagree-
ments between the observers were resolved by discussion.
After criticising the full-text version of 32 articles, 23
studies that met the inclusion and exclusion criteria
remained. Four articles were excluded because in these
studies dynamic imaging was used for visualisation of
pathology other than aneurysmatic aortic disease.21e24 In
addition, one non-human study25 and one non-systematic
review17 were excluded. Another article was excluded
because no full-text version could be retrieved.26 Finally,
two studies were excluded because the authors did not
report on patients with aortic aneurysms.27,28 Reference
lists of all included articles were searched manually,
yielding two more eligible articles (Fig. 1).9,29
Data extraction
Data were collected independently by two authors. The
following characteristics were, if available, extracted out
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Figure 1 Flowchart of the systematic review.
588 J.W. van Keulen et al.of the 25 included studies: data on author, publication year,
study design, number of patients, age and sex of patients,
aneurysm size, radiological modality, method, time and
levels of measurement, difference between minimum and
maximum expansion of the aorta, distensibility, used stent
types, p values and reproducibility of the used method.
The data from the included articles are presented as
results per individual study; a pooled analysis is not per-
formed. The differences per heartbeat between the
minimum and maximum aortic area, diameter or circum-
ference are presented in absolute values or percentages (of
the minimum value). Movement of the renal arteries is pre-
sented as displacement of the centre of mass of the renal
arteries. Results provided in the included studies were
assumed (statistically) significant if they were larger than
the reported repeatability of the used method. It is impor-
tant to acknowledge that if mean or median changes are not
assumed significant, then maximum changes can be.
Results
Twenty-two of the included studies investigated dynamic
movement of the abdominal aorta, and three of the
thoracic aorta. Ten of all these studies evaluated abdom-
inal aortic changes both before and after (T)EVAR. All other
studies described aortic movements only before or after
aneurysm repair.
US, IVUS, CTA and MRA
The inter-observer variability (IV) of the different used
modalities is shown in Tables 1e4. IVs of US for abdominalaortic diameters of 10%19, 16%19 and 22%16 were described.
Reported IVs of intravascular US for diameters were 0.9 mm
and 1.0 mm.30 CTA had reported IVs for abdominal aortic
diameter (area) of 1.62 mm (6.6 mm2)14 and 3.84 mm
(20.8 mm2).14 In the thoracic aorta, the reported IVs of CTA
were 0.7 mm (36.5 mm2),39 1.0 mm (44.8 mm2)37 and 1.1 mm
(61.4 mm2).38 For MRA, Vos et al. reported a reliability coef-
ficient of 0.81 for MRA, while others reported IVs for diame-
ters measured on MRA of 0.27 mm,18 1.0 mm11 and 1.8 mm.11
Dynamic changes of the proximal AAA neck
Five studies were designed to study the influence of
stent grafts on aortic neck distension during the cardiac
cycle.11e14,30 Results of all individual studies are shown
in Table 1. A summarisation of the preoperative results
1 cm below the most distal renal artery can be found in
Table 5 .
The results of these studies are rather homogeneous.
Before EVAR, the mean (or median) distension 1 cm below
the most distal renal artery was significant, if reported, in
most studies. Themean (ormedian) aortic diameter increase
per heartbeat at this level was more than 1.6 mm in all
studies. Maximumdiameter increases of 14.0%14 and 12%11 at
this level were described. Measured values in between, or
above, the renal arteries did not show striking differences
with values 1 cm below the most distal renal artery.11e14
Postoperatively, the mean (or median) distension 1 cm
below the most distal renal artery was at least 2.0 mm, and
significant, in all studies. These values were not significantly
different from pre-EVAR values in all studies.11,12,14
Arko et al. studied the displacement of the AAA neck per
heartbeat. There was significant displacement in both the
AP (mean 1.7 mm; standard deviation (SD) 0.6, range:
0.6e2.7) and lateral direction (mean 0.9 mm; SD 0.5,
range: 0.3e1.5).30 Flora et al. demonstrated earlier in four
patients that during open surgery the AAA neck moves in
the lateral (range: 1.0e1.5 mm) and longitudinal direction
(range: 0.6e1.0 mm).40
Dynamic changes of aortic side branches
Two studies reported on the movement of the renal arteries
in patients with an AAA, both before and after EVAR.41,42 In
the first study (nZ 15), Muhs et al. showed that the centre
of mass displacement of the renal arteries was up to 3 mm
(mean 2.0 mm, SD 0.6), measured 1.2 and 2.4 cm from
the renal ostia before EVAR.41 Infrarenal stent grafts
decreased the displacement of the renal arteries 1.2 cm
from the renal ostia (mean 1.4 mm SD 0.7 (decrease of
31%)). The movement of the renal arteries 2.4 cm from the
renal ostia was unaffected by EVAR. The repeatability of
the used method was not quantified in this study.
In the second study (pre-EVAR nZ 8, post-EVAR nZ 16),
by Muhs et al. as well, the influence of transrenal,
infrarenal and fenestrated stent grafts on renal artery
motion were compared.42 In contrast with the first study,
neither transrenal nor infrarenal stent grafts altered renal
artery motion. Fenestrated EVAR, with the placement of
renal stents, reduced the renal artery motion by greater
than 300% (mean 0.3 mm, SD 0.1). The repeatability of
the used method was not quantified in this study.
Table 1 Aortic distension at the level of the AAA neck. The change (mm) is the difference between the minimum and maximum given value (diameter or circumference) per
cardiac cycle. All given values are mean, unless stated otherwise.
Author AAA
(n)
Method Measured Measured
at
B/A
EVAR
Stent
type
Minimum
diameter
(mm)
Change
(mm)
Range P value
B/A
Reproducibility
Teutelink,
200613
10 CTA Circumference Middle of
aneurysm
neck
B e e 2.2a e e e
Herwaarden,
200611
11 MRA Diameter X: 3 cm above RA
Y: Between RA
Z: 1 cm below RA
B Talent/
Excluder
X: 23.6
Y: 23.2
Z: 23.4
X: 2.0
Y: 1.6
Z: 1.6
X: 0.7e4.2
Y: 0.3e3.6
Z: 0.6e3.6
NS IV 1.0 mm
A X: 22.8
Y: 22.4
Z: 22.9
X: 2.4
Y: 1.9
Z: 2.2
X: 1.0e4.6
Y: 0.4e4.2
Z: 0.8e4.5
IV 1.8 mm
Arko, 200730 25 IVUS Diameter 1 cm below RA B e Lateral: 25.0
AP: 24.7
Lateral: 0.9
AP: 1.7
e e IV Lateral
0.9 mm
IV AP 1.0 mm
Teutelink,
200714
15 CTA Diameter X: 2 cm above RA
Y: 1 cm below RA
B Talent 11/
Excluder 4
X: 24.0
Y: 21.0
X: 1.0
Y: 2.0
X: max 11%
Y: max 14%
NS IV 3.84 mm
A X: 23.0
Y: 22.0
X: 2.0
Y: 2.0
X: max 11%
Y: max 15%
IV 1.62 mm
Herwaarden,
200612
11 MRA Diameter X: 3 cm above RA
Y: Between RA
Z: 1 cm below RA
B Talent 7/
Excluder 4
Median X: 24.0
Median Y: 23.7
Median Z: 21.8
Median X: 1.8
Median Y: 1.4
Median Z: 1.7
e NS IV 1.0 mm
A Median X: 22.4
Median Y: 22.7
Median Z: 22.2
Median X: 2.1
Median Y: 1.7
Median Z: 2.4
e IV 1.8 mm
BZ before, AZ after, RAZ renal artery, IVZ inter-observer variability. MaxZmaximum increase. Talent (Medtronic, Minneapolis, MN, USA), Excluder (Gore, Flagstaff, AZ, USA).
a Exact values not stated in article.
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Table 2 Aortic distension at the level of the maximum AAA diameter. The change is the difference between the minimum and maximum given value (diameter, circum-
ference or area) per cardiac cycle. All given values are median, unless stated otherwise.
Author AAA
(n)
AAA
diameter (mm)/
Area (cm2)
Method Measured Stent type B/A
EVAR
Change P value
B/A
Reproducibility
Ganten, 200831 67 Mean 48 (SD 13) CTA Diameter e B Mean 1.5 mm (SD 0.8) e e
Teutelink, 200613 10 e CTA Circumference e B Mean 2.8 mm e e
Lindblad, 200419 111 55 (IQR 51e64) US Diameter e Ba 0.96 mm (IQR 0.74e1.32)a <0.0001 B IV 16%
Aa 0.24 mm (IQR 0.07e0.41)a A IV 10%
Vos, 200332 7 61 (R 46e75) MRA Area AneuRx/Talent B 0.25 cm2 (R 0.07e0.29) 0.79 e
A 0.18 cm2 (R 0.08e0.42)
Vos, 200210 21 ED area 28 cm2
(IQR 22e31)
MRA Area e B 0.25 cm2 (IQR 0.1e0.4) RC 0.81
Malina, 199816 47 52 (R 38e84) US Diameter 15 Chuter/ 32
Ivancev-Malmo
B 1.0 mm (R 0.8e1.3) <0.001 IV 22%
Aa 0.3 mm (R 0.2e0.4)a
Faries, 200318 16 Mean 64 (R 57e72) MRA Diameter 16 Talent B Mean 3.51 mm (SD 0.79) <0.001 IV 0.27 mm
Aa Mean 0.12 mm (SD 0.09)a
Long, 200433 35 Mean 39 (SD 9) US Diameter e B Mean 0.81 mm (SD 0.46) NA b
Herwaarden, 200612 11 56.5 (R 47.4e71.5) MRA Diameter Talent 7/Excluder 4 B 1.0 mm NS B IV 1.0 mm
A 1.5 mm A IV 1.8 mm
BZ before, AZ after, SDZ standard deviation, IQRZ interquartile range, RZ range, NSZ not significant, IVZ inter-observer variability, EDZ end diastolic, RCZ reliability
coefficient.
a Subgroup without EL.
b Mean difference diameter change intraobserver (RCZ 2SDZ 95% limit of agreement); Acquisition: 24 mm (RC562); 23 mm (457); 4.3 mm (583); Mean difference diameter change intra-
observer: Reading1 mm(RC 327);21 mm(RC 374). AneuRx, Talent (Medtronic, Minneapolis, MN, USA), Excluder (Gore, Flagstaff, AZ, USA).
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Table 3 Elastic modulus (EP, N/cm2) and stiffness (b, arbitrary units). All given values are median, unless stated otherwise.
Author AAA (n) Method Measured at B/A
EVAR
Minimum
diameter (mm)
N/cm2 b (AU) P value B/A Reproducibility
Sekhri, 200415 20 US X: AAA neck
Y: inflection point
Z: mid sac
B X: 26.9
(R 19.5e41.9)
Y: 32.0
(R 22.3e48.2)
Z: 55.5
(R 33.5e74.0)
X: 13.0
(R 6.4e19.4)
Y: 24.2
(R 13.9e39.8)
Z: 26.4
(R 11.9e49.5)
X: 8.7
(R 4.6e12.6)
Y: 16.3
(R 9.9e23.7)
Z: 17.9
(R 8.5e37.8)
e e
Long, 200433 35 US Dmax AAA B 39 (SD 9) Mean: 39.4 Mean: 28.8 e b
Herwaarden, 200612 11 MRA W: 3 cm above RA
X: Between RA
Y: 1 cm below RA
Z: Dmax AAA
B W: 24.0
X: 23.7
Y: 21.8
Z: 55.5
W: 10.2
X: 13.1
Y: 11.6
Z: 42.0
W: 6.8
X: 8.2
Y: 8.1
Z: 27.9
EP Y, b
Z significant
e
A W: 22.4
X: 22.7
Y: 22.2
Z: 54.3
W: 8.2
X: 9.3
Y: 7.9
Z: 37.0
W: 6.5
X: 7.7
Y: 6.5
Z: 35.8
e
Wilson, 20039 210 US Dmax AAA B Dmax 47.8
(IQR 41.0e53.5)
29.3 (IQR
20.6e43.8)
20.2 (IQR
15.0e29.5)
e IV EP 21.2%
IV b 17.6%
Wilson, 199934 60 US Dmax AAA B Dmax 43
(R 29e67)
24.2 (R 5.5e94.6) 17.7 (R 4.0e57.3) e e
Wilson, 199829 89 US Dmax AAA B Dmaxa 45.0
(R 28.8e77.1)
27.9 (R 0.55e9.46)a 18.2 (R 4.0e71.6)a e e
Macsweeney, 199235 30 US Dmax AAA B Dmax R 30e100 31.3 (R 10.0e84.0) e e Ep CR 15
Wilson, 200136 28 US Dmax AAA B Dmax 44
(IQR 40e51)
30.0 (IQR 22.0e49.0) e e IV EP 21.2%
IV b 17.6%
BZ before, AZ after, IVZ inter-observer variability, RZ range, IQRZ interquartile range, RAZ renal artery, DmaxZmaximum diameter, CRZ coefficient of repeatability, NSZ not
significant.
a Only non-operated and non-ruptured patients.
b Mean difference diameter change intraobserver (RCZ 2SDZ 95% limit of agreement); Acquisition: 24 mm (RC562); 23 mm (457); 4.3 mm (583); Mean difference diameter change
intraobserver: Reading 1 mm (RC 327); 21 mm (RC 374).
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Table 4 Distension in e thoracic aorta. The change is the difference between the minimum and maximum area per cardiac cycle. All given values are mean.
Author AAA (n Method Measured Measured at Change P value B/A Reproducibility
Muhs, 200637 10 CTA Area W: 1 cm proximal to LSA
X: 1 cm distal to LSA
Y: 3 cm distal to LSA
Z: 3 cm proximal to celiac tru
W: 33.1 (4.8%; R 2.7e6.9%)
X: 33.2 (5.0%; R 3.9e6.9%)
Y: 36.0 (5.5%; R 3.0e10.8%)
Z: 37.9 (7.0%; R 3.2e11.2%)
e IV 44.8 mm2
Prehn, 200738 15 CTA Area W: 5 mm distal to CA
X: 5 mm proximal to branchioc -
phalic trunk
Y: halfway up the ascending ao a
W: 92.9 (12.7%; R 4.3e21.8%)
X: 58.6 (7.5%; R 4.1e11%)
Y: 47.5 (5.6%; R 1.9e11.4%)
e IV 61.4 mm
2
Prehn, 200839 6 CTA
6 Relay stents
Area V: 1 cm proximal to branchioc
phalic trunk
W: 1 cm proximal to LSA
X: 1 cm distal to LSA
Y: 1 cm proximal to proximal
origin of stent graft
Z: 3 cm distal to proximal orig
of stent graft
B V: 51.4 (6.3%; R 3.3e14.9%)
W: 34.4 (6.2%; R 2.2e12.0%)
X: 33.2 (6.3%; R 4.4e8.5%)
Y: 42.6 (6.8%; R 3.4e17.5%)
Z: 35.9 (6.6%; R 2.6e12.4%)
NS IV 36.5 mm2
A V: 64.5 (7.8%; R 3.0e13.7%)
W: 37.7 (6.2%; R 4.4e10.0%)
X: 29.6 (5.9%; R 3.0e12.3%)
Y: 52.2 (7.5%; R 2.5e20.2%)
Z: 27.7 (4.7%; R 2.6e6.8%)
BZ before, AZ after, NS not significant, IVZ inter-observer variability, RZ range. Relay (Bolton edical, Sunrise, FL, USA).
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Table 5 A summarisation of the aortic distension (mean)
1 cm below the most distal renal artery and the distension
in the thoracic aorta (mean).
Proximal AAA neck
Author Diameter Change (mm) Range (mm)
Herwaarden, 200612 1.6 0.6e3.6
Arko, 200730 Lateral: 0.9 AP: 1.7 e
Teutelink, 200714 2.0a Max 14%
Thoracic aorta
Author Area change (mm2) Range (mm2)
Prehn, 200839 V: 51.4
W: 34.4a
X: 33.2a
Y: 42.6
Z: 35.9a
V: 31.8e94.2
W: 12.9e57.2
X: 22.9e48.5
Y: 22.6e60.4
Z: 18.9e56.7
The diameter or area change is the difference between the
minimum and maximum given values (diameter or area) per
cardiac cycle.
a Indicates the mean differences to be < repeatability.
Dynamics of the Aorta Before and After Endovascular Aneurysm Repair 593Dynamic changes of the AAA Sac
Nine studies reported on dynamic changes of the abdominal
aortic aneurysm sac.10,12,13,16,18,19,31e33 Results of these
studies are shown in Table 2.
Before EVAR, the reported median (or mean) distension
of the maximum aneurysm diameter (or area) in the
included studies ranged between almost negligible32 and
more than 5% in the included studies.18 Most studies,
however, reported a median (or mean) distension of
approximately 1 mm. The majority of reported median (or
mean) differences were within the IV of used
methods.12,16,19,32 After EVAR, the median (or mean)
distension of the sac had decreased in three studies
compared to preoperative values (from 1.0 mm to
0.3 mm16; from 3.51 mm to 0.12 mm18 and from 0.96 mm to
0.24 mm19). On the contrary, two other studies did not
report a decrease of the median AAA distension after
EVAR.10,12 Again, most found studies reported values within
the variation of measurements.12,16,19,32
Finally, one study evaluated the displacement of the
aneurysm sac as a whole during the cardiac cycle.32 The AP
movement of the aneurysm decreased from a median of
1.05 mm (range: <0.5e1.29 mm) before EVAR to within
pixel size after EVAR (median <0.5 mm; pZ 0.04). Before
EVAR, the median craniocaudal translation was 1.01 mm
(range: <0.5e1.51 mm), and increased significantly after
EVAR to a median of 1.69 mm (range: 1.1e1.99 mm;
pZ 0.02).32 No reproducibility of the used method was
given.
AAA distensibility
Eight studies used compliance to describe aortic wall
motion during the cardiac cycle.9,12,15,29,33e36 Compliance
is the relationship between stress (pressure on aortic wall)
and strain (deformation of aortic wall). Aortic walldistensibility, a way to measure aortic wall compliance, is
expressed as the elastic modulus (Ep).
43 Both stiffness (b)
and elastic modulus are inversely related to arterial wall
distension and compliance.34 The formulas of stiffness and
elastic modulus are given in Appendix 1. Results of studies
measuring Ep or b are shown in Table 3.AAA distensibility e changes of the proximal AAA
neck
Two studies measured Ep and b between the renal arteries
and the upper limit of the aneurysm.12,15 Ep was 11.6 and
13.0 while b was 8.1 and 8.7.12,15 Only one of the two
studies measured Ep and b post-EVAR. Post-EVAR, Ep shifted
from 11.6 to 7.9 and b from 8.1 to 6.5.12AAA distensibility e dynamic changes of the AAA
Sac
The distensibility of the AAA sac was studied in eight
articles.9,12,15,29,33e36 Individual results per study can be
found in Table 3. Before EVAR, the median Ep ranged in the
included studies from 24.2 to 42.0 N cm2.9,12 Median
b ranged from 17.7 to 28.8.9,12,33
Dynamic changes of thoracic aorta
There were three studies that described dynamic changes
of the thoracic aorta.37e39 One study described changes in
patients with TAA, both before and after TEVAR. The study
populations of the two other articles consisted of patients
with known AAAs, while none of the patients had a TAA.
Results are shown in Table 4 and a summarisation of the
study describing the pulsatility in patients with TAA can be
found in Table 5.
In the study describing changes in patients with TAA,
significant distension at several surgically relevant thoracic
landmarks was found. The mean differences between the
minimum and maximum aortic area per heartbeat in this
study group, reported from proximal to distal, were 6.3%,
6.2% and 6.3%. Postoperatively, there was significant
distension at several levels.39
Van Prehn et al. and Muhs et al. observed the
distension of the thoracic aorta in patients with
AAA.37,38 Both studies measured the aortic distension at
other levels in the thoracic aorta. Mean area changes of
the ascending aorta, reported from proximal to distal,
were 12.7%, 7.5% and 5.6%.38 Only the mean distension
most proximal to the heart was significant. Mean area
changes of the aortic arch and descending thoracic
aorta, reported from proximal to distal, were 4.8%,
5.0%, 5.5% and 7.0%.37 None of those found values was
significant.Discussion
In this systematic review, an overview of the current
knowledge of aortic aneurysm dynamics is given. The
594 J.W. van Keulen et al.AAA neck diameter, the proximal stent-graft-landing
zone, increases significantly per heartbeat. In all
included studies, the mean preoperative aortic diameter
increase at this level was at least 1.6 mm; and maximum
diameter increases of 14% and 12% are described. The
use of static images for stent-graft sizing techniques,
acquired anywhere in the cardiac cycle, might result in
incorrect sizing. Stent-graft sizing, based on submaximal
aortic diameters, might lead to inadequate stent-graft
sizes and subsequent improper proximal fixation, stent-
graft migration and (intermittent) proximal type I
endoleaks. It is shown that the mean aortic distension of
the AAA neck is maintained after EVAR in all the included
studies, making appropriate stent-graft sizing possibly
even more important. It seems important to know
whether the different types of stent-graft design are
able to adapt to the continuous pulsatile aortic shape
changes to remain in close contact with the aortic wall
during the cardiac cycle to provide adequate stent-graft
fixation and seal.
This systematic review also presents the dynamic
changes of the AAA sac. Three studies suggested that the
distension of the aneurysm sac decreases after EVAR in
patients with well-excluded aneurysm sacs.16,18,19 Two
other studies did not find a decreased wall motion after
EVAR.12,32 Most of the included studies reported values of
aneurysm sac distension within the variation of measure-
ments. In other words, the measured distention is likely to
be caused by measurement variability rather than pulsatile
expansion. Besides, the degree of distension is reported to
be comparable in patients with and without endoleak.12,19
It is for these reasons that aneurysm sac distension does not
allow reliable detection of patients with endoleak.
Regarding the results of TAA dynamics, it is shown that
the thoracic aorta expands significantly at relevant levels
per heartbeat too. Since the diameter of the thoracic aorta
is larger than the diameter of the abdominal aorta, equal
relative changes will result in larger absolute changes. This
larger absolute aortic distension in the thorax might be
a cause for the higher complication rate seen in TEVAR
compared to EVAR.3 However, this statement is purely
hypothetical and clinical trials are necessary to support this
hypothesis.
A disadvantage of this study is the inclusion of studies
wherein different modalities have been used to measure
different parameters at different levels. It is for this reason
that our data could not be pooled. Ultrasound was the first
modality to be used to assess pulsatile aortic wall move-
ment during the cardiac cycle. However, the use of ultra-
sound is known to have some disadvantages. First, the use
of ultrasound is restricted to patients with AAA, and is not
applicable in patients with TAA. Second, the inter-observer
variability of ultrasound is high compared to IVUS, CTA and
MRA.16,19 This is probably because ultrasound is a highly
operator-dependent modality. Third, the distension of the
abdominal aneurysm sac cannot be measured by ultrasound
in a significant number of patients because of obesity and
bowel gas.9 The use of CTA has advantages such as high
spatial resolution and acquisition of a volumetric dataset
within a single breath hold, which enables retrospective
construction of any chosen reformatted plane. The draw-
backs of CTA are the radiation dose and the need forintravenous contrast, which can be nephrotoxic. Besides,
after EVAR, stent grafts can cause artefacts (scattering) on
CTA, which possibly makes measurements less reliable. MRA
and IVUS have lower IV. IVUS is an invasive modality, which
makes it less suitable as a (preoperative) screening tool.
MRA, in contrast, offers a non-invasive method and is
a reliable method of measuring the aortic distension in the
cardiac cycle.11,12,18 However, this is at the expanse of
longer acquisition times, when compared to CTA. Besides,
not all e although most e stent grafts are suitable for
MRA.44
All studies included in this systematic review,
irrespective of the modality used, are limited in their
measurements. First, most studies measured maximum
aneurysm diameters. Measurement of maximum diameters
potentially overestimates distension of the aorta, because
it has been observed that the pulsatile aortic expansion is
asymmetrical.11 Second, the measurements in all studies
were two-dimensional at predetermined aortic levels.
While the in-plane aortic movement is measured in this
manner, there is no compensation for the craniocaudal out-
of-plane movement. Three-dimensional volumetric analysis
during the cardiac cycle could overcome this problem.
Finally, all studies are limited by the small sample size
used.
Despite all the observations presented in this article,
the clinical relevance of aortic dynamics has not yet been
proven. All the presented studies are observational
studies, and none of them confirms a relationship between
dynamic imaging, sizing and complication rates. However,
it is imaginable that the significant aortic distension at
stent-graft-landing zones might influence both short- and
long-term outcomes after (T)EVAR. It is possible that
(intermittent) proximal type I endoleaks or stent-graft
migration might be caused by sizing based on images of
the aorta acquired during the diastole. Further, when
assuming sizing has been performed correctly, there still
remains aortic movement, which may compromise stent-
graft durability. As there seems to be an inter-individual
variation in the degree of distension, the clinical rele-
vance is probably highest in the patients with a high
degree of distension. Future studies and clinical trials are
necessary to study the influence of aortic dynamics on
clinical outcome. The value of dynamic preoperative
imaging for improvement of patient and device selection
and ultimately improvement of EVAR outcome has to be
studied.Conclusions
MRA, CTA and IVUS are reliable modalities for dynamic
imaging of the aorta, although IVUS is invasive. The
distension of the thoracic aorta and the AAA neck during
the cardiac cycle is significant at several levels (mean
diameter change of the AAA neck of 0.9e2.4 mm, mean
area change of the thoracic aorta ranged from 4.8% to
12.7%). This distension is maintained after EVAR or TEVAR.
The renal arteries displace per heartbeat with a mean of
1.2e2.0 mm. Dynamic imaging is not able to illustrate
whether an aneurysm is excluded successfully or not, since
pulsatility in the aneurysm sac is negligible. The clinical
Dynamics of the Aorta Before and After Endovascular Aneurysm Repair 595relevance of dynamic imaging has not been established yet,
and future research into this area is merited.
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Appendix 1
The formula for elastic modulus (Ep) is:
Ep

N=m2

ZK
Psys Pdias
DsysDdias

=Ddias
The formula for stiffness (b) is:
bZ
ln

Psys=Pdias


Dsys Ddias

=Ddias
KZ 133.3, a constant to convert Ep from mmHg to N/m
2.
PZ arterial blood pressure. DZ aortic diameter.12
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